A phylogenetic approach was used to reconstruct the pattern of an apparent loss of 2106 ancestral gene families in four animal genomes (Caenorhabditis elegans, Drosophila melanogaster, human and fugu). Substantially higher rates of loss of ancestral gene families were found in the invertebrates than in the vertebrates. These results indicate that the differential loss of ancestral gene families can be a signif icant factor in the evolutionary diversif ication of organisms.
INTRODUCTION
Comparison of eukaryotic genomes has revealed that both duplication and deletion of genes play important roles in the evolutionary divergence between different lineages of organisms (Lynch & Conery 2000; Lynch 2002; . Several recent studies have addressed patterns of gene duplication, including the duplication of genomic segments (Friedman & Hughes 2001a; Bailey et al. 2002) and patterns of duplication of individual genes in different lineages (Friedman & Hughes 2001b Gu et al. 2002; McLysaght et al. 2002; . The role of gene deletion has been studied through phylogenetic analysis of gene families undergoing the process of 'birth-and-death' evolution, whereby members of a family duplicate and are deleted differentially in different lineages (Hughes & Nei 1989; Nei et al. 1997; Piontkivska et al. 2002) .
However, little is known regarding the evolutionary role played by gene deletions that lead to the loss of an entire gene family from a given lineage (Aravind et al. 2000; Roelofs & Van Haastert 2001) . Here, we use a phylogenetic approach to address this question in three major groups of animals: the nematodes, the insects and the vertebrates. We reconstructed a set of protein-coding gene families present in the common ancestor of these animal species and then reconstructed the pattern of apparent family loss in each lineage since that ancestor.
METHODS
To reconstruct the set of ancestral gene families in animals, we used complete sets of predicted protein translations (proteomes) for the following organisms (downloaded from http://iubio.bio. indiana.edu:8089/ except where indicated otherwise): (i) two fungi, (Altschul et al. 1997) , which establishes families by Blastp homology search and the single-linkage method.
We used a value of 10 Ϫ6 for the E parameter (the probability that a score as high as that observed between two sequences will be found by chance in a database of the size examined) of the Blast algorithm. We assembled protein families using two sets of criteria to count a match between a pair of sequences: (i) that 20% of amino acids be identical and 30% of aligned sites be shared; and (ii) that 30% of amino acids be identical and 50% of aligned amino acid sites be shared. We used these two sets of criteria as a way of controlling for the possibility that, given strict match criteria, a family would be scored as having been lost over the course of evolution if it had merely diverged substantially in sequence. Using the stricter criteria, more families were identified because larger families were broken up into separate families (data not shown). However, the overall pattern was qualitatively very similar with the two sets of criteria (data not shown). Here, we present only the results using the less strict criteria, because on these criteria it was less likely that a family would be scored as having been lost when it had merely diverged in sequence.
The phylogenetic relationships of the species were reconstructed by the maximum-parsimony (MP) method applying the branch-andbound algorithm (Swofford 2002 ) to a data matrix in which each of 3786 families present in at least two of the genomes was treated as a cladistic character (scored 'present' or 'absent'). There were 642 of these families present in all genomes analysed; 267 were parsimonyuninformative and 2877 were parsimony-informative. The reliability of branching patterns in the MP tree was tested by bootstrapping (Felsenstein 1985) ; 1000 bootstrap samples were used.
We rooted the phylogenetic tree of animals using the plant and fungal species as outgroups, and we used the rooted tree to reconstruct patterns of loss of gene families in animals; a family reconstructed as present in an ancestor but absent in a descendant was scored as 'lost'. Because we reconstructed the set of ancestral families only for animals, this result does depend on resolution of the still controversial question of whether plants or fungi is the sister group to animals (Hedges 2002 ).
RESULTS
MP analysis yielded a single most parsimonious tree, in which all branches received 100% bootstrap support ( figure 1a) . If the phylogeny of animals was rooted with the plant and fungal sequences, the phylogenetic tree supported the hypothesis that the phylum Nematoda constitutes an outgroup to the coelomate phyla Arthopoda (including the insects) and Chordata (including the vertebrates) (figure 1a). This relationship is contrary to the 'Ecdysozoa' tree that has been proposed recently (Aguinaldo et al. 1997 ). An extensive phylogenetic analysis based on protein sequences (Blair et al. 2002) supported the same relationships revealed by our analysis. Assuming this phylogenetic tree, 2106 families were inferred to have been present in the last common ancestor of all four animal species analysed; in other words, the last common ancestor of coelomates (including insects and vertebrates) and nematodes.
Out of the 2106 families present in the last common ancestor of coelomates and nematodes, 400 (19.0%) were lost in the lineage leading to C. elegans (figure 1b). 428 (20.3%) of these families were lost in the lineage leading to Drosophila. Out of these 428 families, 15 were lost between the common ancestor of coelomates and nematodes and the common ancestor of deuterostomes and protostomes (figure 1b). The remaining 413 were lost after 
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C. elegans Drosophila fugu human the divergence of the protostome lineage (figure 1b). By contrast, only 198 (9.4%) out of the 2942 ancestral families were lost on the lineage leading to fugu, and only 154 (7.3%) on the lineage leading to humans. Thus the proportion of ancestral gene families lost in vertebrates was less than half of that observed in the invertebrates. As a result of the differential levels of gene family loss, there were only 15 ancestral families unique to C. elegans and only 10 unique to Drosophila, as opposed to 167 unique to vertebrates (figure 1c).
DISCUSSION
Each of the four animal genomes that we analysed was characterized by possessing a unique subset of the 2106 families inferred to have been present in their common ancestor. This in turn suggests that specialization of genomes through differential loss of ancestral gene families has played a role in the differentiation of the animal phyla. It is possible, of course, that in some cases gene families have diverged so far that they were not detectable by homology search, even using the liberal criteria (20% amino acid identity and 30% of aligned sites shared) applied here. However, this was unlikely because the genes Proc. R. Soc. Lond. B (Suppl.) included in this analysis were, by definition, conserved proteins. By contrast, known rapidly evolving proteins generally belong to taxon-specific families, such as the immune system gene families of vertebrates (Murphy 1993; Hughes 1997 ). In addition, essentially the same pattern of reconstructed gene family loss (data not shown) was seen using stricter search criteria (30% amino acid identity and 50% of aligned sites shared), suggesting that the overall pattern was not affected by non-detection of a certain proportion of homologues.
The human genome has been estimated to include ca. 30 000-40 000 protein-coding genes, roughly 2-3 times as many as Drosophila and 1.5-2 times as many as C. elegans (Claverie 2001) . One factor that has contributed to the larger genome size in vertebrates than in these two invertebrates has undoubtedly been an increased rate of gene duplication in the vertebrates (Friedman & Hughes 2001b Gu et al. 2002; McLysaght et al. 2002) . The present results show that an additional contributing factor has been a reduced rate of loss of ancestral gene families in the vertebrate lineage in comparison with the C. elegans and Drosophila lineages.
The last common ancestor of deuterostomes and protostomes has been estimated to have occurred ca. 830 Myr ago (Nei et al. 2001) . Assuming this divergence time, our results (figure 1b) yield an estimate of 2.4 × 10 Ϫ10 loss family Ϫ1 yr Ϫ1 for the rate of loss of ancestral gene families since the deuterostome-protostome ancestor in the lineage leading to Drosophila. However, we estimate the rate of loss of ancestral gene families over the same period in the lineage leading to humans to be 0.9 × 10 Ϫ10 loss family Ϫ1 yr
Ϫ1
. Interestingly, the ratio of these two values approximates the inverse of the ratios of estimated gene numbers in these two genomes.
Our results have implications for the controversial question of horizontal gene transfer (HGT) from prokaryotes to eukaryotes (Roelofs & Van Haastert 2001; Salzberg et al. 2001) . The occurrence of certain gene families in bacterial genomes and in the human genome, but not in other sequenced eukaryotic genomes, led the International Human Genome Sequencing Consortium (2001) to conclude that there have been multiple events of HGT from bacteria to humans. Wolf et al. (2000) previously made a similar inference regarding C. elegans. In both cases, the argument for HGT was based on the assumption that parallel loss of the same gene family in multiple eukaryotic lineages is highly unlikely. However, our results suggest that this reasoning is faulty. Consider five hypothetical eukaryotic lineages with a common ancestor 1 billion years ago. Assuming a rate of gene loss similar to that computed above for the human lineage, the probability that a given gene family would be lost in four out of the five lineages is in the order of 10
Ϫ4
. This would seem to be a much higher probability than that of HGT from a prokaryote to a eukaryote (excluding organelle to nuclear gene transfer). Furthermore, the probability would be even higher in cases of parallel gene family loss, as observed between C. elegans and Drosophila.
